Applying the Nakajima-Zwanzig method to the von Neumann equation of a system of interacting electrons and nuclei, etc., and evaluating the Pauli-Master equation according to RieckersStumpf, we obtain a system of reaction equations for electron-phonon-photon processes in a polar crystal. Further elaboration of these reaction equations leads to rate equations for electrons which include impurity center processes as well as conduction band processes in an external electric field. If the conduction band processes run faster than the other processes, the rate equations can be reduced to a Boltzmann equation with drift term for the conduction electrons, coupled to rate equations for impurity center electrons where the number of conduction electrons must not be conserved. Furthermore, the basic problem of electronic state formation in external fields is discussed, the corresponding interaction terms are derived and a functional for the calculation of "bound" states in external fields is given.
Introduction
The electronic reaction kinetics of semiconductors and insulators have been intensively studied both experimentally and theoretically in the past three decades. In spite of this effort there are still basic problems which have not yet been treated satisfactorily. For instance there is no consistent theoretical formalism for the incorporation of electronic impurity center states into the reaction kinetics of charge carriers with and without external fields. This problem will be treated here. In a series of papers Stumpf and coworkers, cf. Stumpf [1] , derived rate equations etc. for electronic reactions in semiconductors and insulators, while Stumpf and Rieckers [2] and Rieckers and Stumpf [3] developed a theory of equilibrium and non-equilibrium thermodynamics which is based on the derivation and the use of quantum statistical rate equations resp. reaction equations. In this paper we will combine both approaches for a treatment of the electronic reaction kinetics in a mixed electronic bound state -band state spectrum. For simplicity we specialize to the case of an external static electric field. Then two different problems have to be solved: i) the treatment of bound states in the external electric field;
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ii) the treatment of the reaction kinetics in the mixed discrete-continuous spectrum.
Concerning i), bound states in electric fields have been treated from the beginning of quantum theory by direct solution of simple models. However, the introduction and derivation of rate equations requires a distinction between interactions which lead to reversible effects (state formation) and those which lead to irreversible effects. This problem has not yet been satisfactorily treated in the literature. We will discuss it in Section 2. Concerning ii), in the majority of papers this topic is treated on a phenomenological level. On this level the effect of electron-phonon transitions in the conduction band is described by the mobility of the charge carriers leading to a phenomenological conductivity and diffusion, while the other transitions are described by phenomenological rate equations, i.e. equations whose analytical form with corresponding values of the coefficients are not derived from microscopic quantum statistics. This approach has been widely applied to the calculation of reactions of the classical covalent semiconductors and to the calculation of photoconductivity, thermoluminescence, etc., of polar insulators. It has to be supported and justified by a quantum statistical derivation.
On the microscopic quantum level the bandstate-bound-state reaction kinetics was treated by only a few authors. In connection with plasma problems the kinetics of continuous states and bound states was considered by Klimontovich 0340-4811 / 80 / 1100-1121 $ 01.00/0. -Please order a reprint rather than making your own copy.
[4, 5]. Peletminski [6] obtained kinetic equations in the presence of bound states of particles. Tsukanov [7] described the kinetics of electron-impurity systems when bound states of electrons can be formed in impurities. His method is based on a direct evolution for the density operator of the system in a Fockspace representation and is developed so far only at a formal level. So no decision can be made about its practical applicability to semiconductor reaction kinetics. Zehe and Röpke [8] directly calculated the time derivative of average values of characteristic observables of a coupled electron-phonon-photon system in a Fockspace representation by means of linear response theory for radiative recombination from non-equilibrium states in cathodo excited semiconductors. Although in this case direct calculations can be performed, the disadvantage is the absence of kinetic rate equations which are required for the treatment of more complicated models and phenomena and the a priori knowledge required for the definition of the Fock representation which is too simple to cover more complicated models. In our approach we will derive an electron Boltzmann equation coupled to a system of rate equations by ab initio calculations from the original manyparticle Hamiltonian of electrons and atomic cores. And it will be demonstrated in following papers that numerical evaluation is possible for instance for the calculation of current-voltage characteristics.
The application of the Boltzmann equation is often critisized in the literature although it is used in the majority of practical calculations. We prefer to work with the Boltzmann equation as in our way of derivation the transition from reversible to irreversible statistics can be clearly seen, the derivation allows the treatment of mixed discrete continuous spectra and the derivation can be generalized to other base systems, higher order transitions, resonance transitions, memory effects, etc., leading to generalized Boltzmann equations. In particular with respect to criticism the latter point is of interest, since most of the criticism is concerned with such extensions which were missed in the original form of the Boltzmann equation. Furthermore it should be noticed that the competing calculation methods so far have been applied only to very idealized models which do not reflect correctly the crystal electron situation whereas our approach is concerned with the crystal model from the beginning. Concerning the literature an extensive account will be given in the book of Stumpf [9] to appear.
State Representations and Interactions in an Electric Field
In ordinary quantum mechanics the influence of an external static electric field on bound states is treated by a time-independent perturbation theory leading to the Stark effect. But this treatment disguises the fact that the action of such a field upon the system causes qualitative changes in the spectrum of the crystal operator. Considering bound states the corresponding potentials have to satisfy boundary conditions which are not fulfilled by static or quasistatic external fields. Therefore, by applying such a field to a system with bound states, the spectrum is changed from a partly discrete one into a completely continuous one, if no artificial boundary conditions are imposed upon the external field. Thus, in order to get an appropriate description, we have to look for another theoretical treatment.
In experiments, the external field is switched on at a definite time. Therefore a time-dependent description is required.
At the time t -to all crystal electrons have to be localized in the crystal volume. This means that the wave function ^(r, 9t) of these electrons must be normalizable. For a time-dependent evolution of the process we have to represent % (r, 5R) in terms of stationary eigenfunctions belonging to the continuous spectrum. Denoting these eigenfunctions by the set E)}, where E is an energy parameter, we get for t = to *(r ,m)l = to = jc(E,to)x^^E)dE.
(1.1)
Imposing now the normalization condition
the coefficients c(E,t0) must be spread over the energy spectrum, as the set {^(r, 9i, E)} cannot be normalized according to (1.2). But then (1.1) cannot be a stationary eigensolution and ^(r, 91) is a non-trivial wave packet. From this it follows that imposing the normalization condition and requiring ^(r, 9i) to be an eigensolution of the Hamiltonian with field are incompatible postulates. [10] . If such improved valence band-and conduction band states are used for the calculation of the transition probabilities in these models, the tunneling rate just exhibits the appropriate field-dependence for electric field ionization, i.e. interband transitions, namely exp (-c/1 (S"|), Callaway [10] . Thus it is desirable to use the improved state functions both for bound states and for band states. On the other hand, it will be shown that the use of simple Bloch functions instead of the field improved band functions leads to the Boltzmann equation with the ordinary drift term, which is basic for nearly all phenomenological semiconductor calculations. In order to connect our formalism with these phenomenological calculations we use simple Bloch functions instead of the improved band functions*. As the Bloch functions do not depend on the special external forces we have only to consider the modifications of the bound states.
To obtain a simple system of rate equations we use a Hartree-Fock-representation for the electronic states. Of course, more complicated representations, such as configuration interaction etc., are not excluded but they lead to a much more complicated reaction kinetics and we will not consider them here. In the field free case, the electron states can be divided into bound states (F-, F'-impurity center states) and into quasifree states** (conduction band and valence band states) belonging to the discrete part and to the quasi-continuous part of the spectrum, respectively. Switching on the external field the spectrum is changed into a completely quasicontinuous one. According to our program for an appropriate description of the field effects in the framework of statistical quantum * In principle the calculation with improved band functions runs on the same pattern but leads to modified kinetic equations. ** The expression quasifree is used because of the periodic boundary conditions imposed upon the mosaicblock. If the initial state is a bound state, both (1.5) and (1.6) have to be evaluated.
Rate Equations with Fields
In ii) the irreversible behaviour of the dynamics of a system Z can be achieved only in the thermodynamic limes.
These conditions mean in our case i) the time-dependent processes in crystals have to be described by a suitable interaction representation ;
ii) the crystal under consideration has to be in contact with a heat reservoir and with a radiation field.
To derive an irreversible quantum dynamics we reformulate the von Neumann equation (2.3) by a method introduced by Nakajima [14] and by Zwanzig [15] . In order to do this according to condition i) we assume the set (1^)} to be a complete base set of Jf which does not diagonalize the total energy H of Z. This division leads to a division of Jz? into oSfo + ^-^i-Introducing this in (2.14) we obtain because of the identity II / = II &0 / = 0 
and decomposing f(t) f(t) = (II + K)f(t) = : MO + fK(t)
(j"{t) = -iLlaKfK{t),
jK(t) = -iLlKnjn(t) -iLKKfK(t)
We first consider the pure case. Then the density operator is given by /y = CiCj. As V does not depend on lattice coordinates, the phonon part £ remains unchanged and thus drops out due to normalization.
Since V is a sum of one-particle operators we obtain in the H. 
• exp {-i Lkk t'} LIKN fn (t -t') dt'
the so-called Nakajima-Zwanzig equation, which is still reversible. One way to introduce information losses and thus to obtain irreversibility is the transition from the Zwanzig equation to the PauliMaster equation. In this procedure the information losses are caused the approximate evaluation of the kernel of (2.30). To justify this approximation we have to impose the so-called timescale postulate. This means, that we assume a base system (l^i)} to be chosen in such a way that the corresponding time-dependence of fn(t) is in the range of macroscopic observability w r hile all rapidly changing components of / are contained in fx, Rieckers and Stumpf [3] . Applying this postulate to (2.30) we obtain 
= -(iJi, LLNK J exp (-i Lkk t) dt Likx TJ) .
We now introduce the expansion parameter X by defining ifi = X and put later on 2=1. We . 
